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Abstract

Laser-induced photofragmentation with fragment ionization is used to
detect and spectrally differentiate trace concentrations of NO, from NO in
NO-NO; mixtures. A laser operating near 226 or 452 nm ionizes the target
molecules, and the resulting electrons are collected with miniature electrodes.
NO is detected by (1+1) resonance-enhanced multiphoton ionization by means of
its A2X+ ~ X2IT (0,0) transitions near 226 nm, whereas NO; is detected near
226 nm by laser photofragmentation with subsequent NO fragment ionization by
means of both its A2X+ ~ X2I (0,0) and (1,1) transitions. The NO fragment
generated from the photolysis of NO; is produced rovibrationally excited with
a significant population in the first vibrational level of the ground electronic
state (X2IT, v' = 1). In contrast, “ambient” NO has a room-temperature,
Boltzmann population distribution favoring the lowest ground vibrational level
(XTI, v" = 0). Thus, discrimination is possible when the internal energy
distributions of both fragment NO and ambient NO are probed. This approach is
also demonstrated using visible radiation, further simplifying the experimental
apparatus because frequency doubling of the laser radiation is not required. Up
to three decades of NO-NO. mixtures are measured with limits of detection
(S/N = 3) in the low ppb for both NO and NO; for a 10-s integration time using
both ultraviolet or visible radiation.
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1. Introduction

In recent years there has been much interest in the laser-based, analytical detection
of NO and NO,, referred to jointly as NOx [1, 2]. Part of this reason stems from the
fact that these species are pollutants and are hazardous to the environment and to
the health of the general population. They play key roles in the catalytic destruction
of the ozone layer, and in the formation of acid rain and photochemical smog [3-6].
Other interest in NO and NO; stems from the analysis of pollutants in combustion
environments [7] and the recent development of laser-based techniques for
detecting energetic materials by laser photofragmenation/fragment detection
(PF/FD) because these molecules are typical photolysis products of many
propellants and explosives [8-12].

Conventional techniques for detecting NO and NO: include both
chemiluminescence [13, 14] and passive collection with subsequent wet chemical
analysis [15]. These methods are, however, slow and their selectivity is often
insufficient to prevent interference effects at low concentrations. In order to
circumvent these problems, several laser-based techniques have been employed.
These include laser absorption [3-5], laser ionization [16-20], and laser
photofragmentation (PF) with fragment laser-induced fluorescence (PF/LIF) [1, 2,
21, 22] or photoionization (PF/PI) [1, 2, 6, 23, 24], to name a few. In the latter
technique, a laser photofragments NO, to NO and subsequently induces
fluorescence or resonance-enhanced ionization (REMPI) of the NO fragment. These
techniques are sensitive, selective, and offer real-time monitoring capabilities.

The analytical application of laser ionization for NO and NO, ambient detection has
been studied with ultraviolet or visible laser radiation with time-of-flight mass
spectrometers or miniature electrodes. Mass spectrometers have the advantage of
mass selectivity over minjature electrodes, but they are bulkier and cannot be
incorporated in small devices such as hand held sensors or the tip of cone
penetrometers, as can miniature electrodes. NOx is spectrally differentiated from
atmospheric species such O, and Nz solely on excitation wavelength using miniature
electrodes. Several schemes employed for NO detection using miniature electrodes
include (1+1) REMPI near 226 nm using its A2X* — X2I1 (0,0) band, (2+1) REMPI near
384 nm using its C2I1 - X2IT (0,0) band, and (2+2) REMPI near 452 nm using its
A23+ - X2[1(0,0) band [1, 2]. NOzis photolyzed efficiently at these wavelengths, and
the resulting NO fragment can also be detected by the above-mentioned REMPI
approaches. Typical limits of detection range from low parts-per-billion (ppb) for
NO to tens of ppb for NOa.

Although high sensitivities have been demonstrated for NOx detection by PF/P1
using miniature electrodes, discrimination between NO and NO:; is not possible




because only the total NO* signal, representing the sum of ambient NO and NO
from NO,, is measured. The ability to differentiate between NO and NO; is often
desirable because of their difference in toxicity levels. The U.S. Federal
Environmental Protection Agency has established a National Ambient Air Quality
Standard threshold limit of 25 parts-per-million (ppm) for NO with concentrated
exposures not to exceed 100 ppm for 15 min [25]. NO., on the other hand, is
estimated to be 30 times more toxic than NO [25].

Recently we reported on the detection of NOz in the presence of NO by PF/PI using
visible laser radiation [26]. In this report, we present our results on the trace
detection, spectroscopic differentiation, and quantitative analysis of NO and NO, in
NO-NO; mixtures using ultraviolet laser radiation near 226 nm. NO is detected by
(1+1) REMPI using its A2Z+ ~ X1 (0,0) transitions, whereas NO; is detected by
monitoring its NO photofragment by (1+1) REMPI using its A2+ ~ X2T (1,1)
transitions. The two species are differentiated by probing the internal rovibrational
distributions of both ambient and fragment NO. The analytical merit of this
technique is demonstrated by measuring three decades of NO-NO, mixtures and
determining the limits of detection at several ultraviolet wavelengths. This
technique is also demonstrated using visible laser radiation, and the amounts of NO
" and NO; in various NO-NO, mixtures are quantified. The results are presented and
compared to those obtained by other laser-based techniques.

2. Experimental

The experimental apparatus used for the present study has been reported
previously [26]. Briefly, an excimer-pumped dye laser (Lumonics, HYPER EX-400
and HYPER DYE-300) operating at 10 Hz provides tunable visible radiation between
444 and 456 nm (coumarin 450). The laser line width is 0.07 cm?, and the pulse
energy is approximately 10 m]. A second-harmonic generator (HYPER
TRACK-1000) that is added to the dye laser generates ultraviolet radiation between
222 and 228 nm. The UV laser linewidth is approximately twice that of the
fundamental, and the pulse energy is about 100 pJ. A joulemeter (Molectron
Detector, J4-05) monitors the laser energy between measurements and during the
spectral scans. The laser is directed by two prisms (Suprasil) and focused by a
120-mm lens (Suprasil) into the sample cell housing a pair of ~ 1.5-cm? electrodes
with a 0.3-cm gap. The miniature electrodes are constructed in our laboratory with
stainless steel and biased at a 400-V difference for all measurements.

The sample cell is a six-arm stainless steel cross; each arm is 4 cm in diameter with a
volume of about 350 cm3. CaF, windows mounted on apposing arms provide
optical access to the cell, and a flange, which is fitted with a vacuum connector,
provides mounting and electrical feed-through for the electrodes. A mechanical




pump draws the sample gas through the cell, and a needle valve, located up-stream
of the cell, regulates the flow rate (~500 cm3/min). Flowing the samples at this rate
for an effective laser probe volume of ~10- cm?, using a pathlength of 2mm and a
focal area of 6x10° cm?, prevents the built-up of the photolysis products. The
sample gas pressure is monitored with a capacitance manometer (Edwards
600A-1000T-R16-H21X) and is maintained at 100 Torr for all experiments.

The bottled gases are 0.1% NO in N2 (Union Carbide), 500 ppm NO: in N2
(Matheson, <99.999%), and N2 (Matheson, <99.999%). Various NO and NO:
concentrations and different NO-NO. mixtures are prepared by serial dilution with
N2. A relatively high initial NO>-N, cylinder concentration minimizes any
inaccuracies in the NO: concentration because of potential NO, degradation in the
cylinder. Fried etal. [27, 28] showed that the NO»-air concentration (2.3-2500 ppm)
of a number of cylinders from different vendors was actually lower than that which
was reported. As much as a 60% difference was observed for NOz-air cylinders
containing NO, concentrations of less than 10 ppm, compared to a difference of ~5%
for 500 ppm NO:-air cylinders [27].

The ion signal from the electrodes is amplified by a current amplifier (Keithly 427,
gain 105-106 V/ A, time constant 0.01 ms) and displayed on a 125-MHZ oscilloscope
(LeCroy 9400). The responses are 100-shot averages of the signal’s peak voltage,
read directly off the oscilloscope. Ionization spectra are recorded by sampling the
amplified ion signal with a boxcar (Stanford Research Systems SR250) which is
interfaced to a personal computer. The background noise is the standard deviation
of 20 measurements, each recorded with the laser operating at the photoionization
frequencies and only Na flowing through the sample cell. The limiting noise in this
study is due mostly to fluctuations in the background ionization.

3. Results/Discussion

3.1 Spectral Analysis

The photophysical processes underlying our approach can be understood by
referring to the potential energy level diagrams in Figure 1 which show the REMPI
of NO and PF/PI of NO2. The NO molecule is suitable for UV REMPI detection
because it has a relatively large absorption cross section at 226 nm [5], ~6.6 x
1028 cm?, and the ionization proceeds through a real, intermediate state (A2X*, T~
215 ns), which enhances the ionization because its energy is resonant with the
energy of one 226-nm photon. The overall effect is a large ionization cross section of
~7 x 1019 cm? at 226 nm [29]. The Boltzmann population distribution of NO favors
the v”=01level of its ground electronic state at room temperature, and the ionization
is thus accomplished by means of its A2Z+ ~ X2IT (0,0) transitions. The visible
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Figure 1. An energy level diagram showing the PF/PI of NO2 and REMPI of NO at 226 and
452 nm.

ionization of NO is a four-photon process proceeding through the two-photon
resonant A2X+ intermediate state.

The NO; PF/PI process is also depicted in Figure 1. Between 224 and 227 nm, a

single photon excites NO; to its B2B; state, where it subsequently predissociates into
NO (X2IT) + O (3P) and NO (X2IT) + O (1D) with lifetimes less than 40 ps [30, 31]. The
resulting NO fragment, which is formed rovibrationally excited with a significant
fraction in the v” = 1 level of the ground electronic state, is then ionized by a (1+1)
REMPI process by means of its NO A2Z+ « X2II (1,1) transitions. Spectral
differentiation between NO and NO; is thus possible by probing the internal
population distributions of both ambient and fragment NO. When visible radiation
is used for the NO, PF/PI process, it is similar to the process when uv radiation is
used but requires double the photons for both photofragmentation and ionization
processes. Morrison et al. [32] studied the photofragmentation dynamics of NO;
over the range of 420-520 nm in both collisional (few Torr) and collision-free




(105 Torr) environments. The dynamics of these processes were determined to
depend on both wavelength and pressure. Morrison et al. [32] report that in a
collision-free environment at wavelengths ranging from 475-490 nm, NO:
dissociates into NO (X2IT) + O (3P), whereas at wavelengths less than 475 nm it
dissociates into NO (X2IT) + O (1D). In a collisional environment the O (°P) channel
is favored down to 420 nm [32]. The collision-free photodissociation of NO; at 450
nm produces NO in its X2IT (v”=0) and (v"=1) levels compared to that at 226 nm,
which produces NO vibrationally inverted in the v = 2 level [30}.

Figure 2 shows UV excitation spectra of ~100 ppm of NO and 500 ppm of NO, at 298
K and 100 Torr in the region of 223.5-227 nm. The spectra are not corrected for laser
energy, which diminishes in the low wavelength region due to the tuning limit of
the second-harmonic crystal. The ambient NO spectral features arise from
A2L+ - X211 (0,0) transitions in the 223-227 nim region, whereas those from fragment
NO arise from both NO A2L+ ~ X2 (1,1) transitions in the 223-224 nm region and
(0,0) transitions. The P1, Q1, Pz, P2, and Qu2 branch heads in the (0,0) band are
labeled for both ambient and fragment NO. Figure 2 reveals that the spectral
features of both ambient NO and fragment NO are rotationally resolved at 100 Torr,
and that a significant amount of fragment NO is formed vibrationally excited in its
ground electronic state (X4I). A comparison of the spectral features in the (1,1)
band to those in the (0,0) band reveals that they are about equal, if one accounts for
the variation in laser energy in the two band regions. In contrast, Bigio et al. [30]
measure a (1,1)/(0,0) band ratio of ~0.4 using the Q1 rotational lines for the 226-nm
photolysis of free-jet NO2 in a high vacuum apparatus equipped with a quadrupole
mass spectrometer. Through band contour analysis, they determined the NO
(v" =1/v" = 0) vibrational branching ratio to be ~ 0.6. Our results probably differ
from those of Bigio et al. because of the different experimental pressures used (100
Torr vs. ~10-5 Torr) resulting in different photodissociation dynamics. Vibrational
relaxation is negligible in the timescales of both experiments.

Figure 3 shows the observed and calculated excitation spectra of fragment NO
generated from NO; and room temperature NO in the region of 226.3-226.8 nm.
The laser energy is fairly constant throughout this region. The calculated spectrum
is fitted to the observed spectrum using a multiparameter computer program based
on a Boltzmann rotational distribution analysis [33]. The parameters include the
laser line shape, temperature, and absolute and relative frequency values for the
data and total NO population. The program utilizes one-photon line strengths and
- rotational energy levels calculated using ground and excited -electronic
spectroscopic constants for NO reported by Henry et al. [34] and Engleman and
Rouse [35] respectively, and a radiative lifetime reported by McDermid and
Laudenslager [36]. The line strengths associated with the nonresonant, continuum
transitions from the A2E* state are assumed to be equal [37]. To test the program
and verify our assumption, we fitted a REMPI spectrum of room temperature NO
using a Lorentzian function for the line shape. The observed and fitted spectrum
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are shown in the bottom of Figure 3. Overall, the calculated spectrum fits the
observed data rather well, particularly for the P2, Q12, Q2, and Ri2 rotational levels.
The observed and calculated Rz rotational levels do not agree as well as the other
rotational levels. The best fit of the observed data yields a rotational temperature of
350 + 50 K. Rotational analysis of fragment NO generated from the photolysis of
NOz yields a temperature of 600 + 100 K, suggesting that thermal equilibration has
not been established at 100 Torr. Similar results are obtained from the rotational
analysis of the NO A2+ - X2I (1,1) branches. For comparison, Bigio et al. [30]
determined a Trot ~ 1600 K for both the (0,0) and (1,1) bands in the collisionless
dissociation of NO2 at 227 nm through band contour analysis. Our results are
consistent with those of Bigio et al. because collisions help thermalize the nascent
NO distribution, thus lowering the temperature. For our experimental conditions,
NO2 experiences ~ 10 collisions with the buffer gas within the laser pulse duration.

Figure 4 shows visible excitation spectra of ~128 ppm of NO and 500 ppm of NO- at
298 K and 100 Torr in the region of 448.5-455 nm. The laser energy is relatively
constant throughout this spectral region, and the shot-to-shot laser energy variation
is about 10%. The NO: spectral features correspond mostly to NO A2X+ - X2[1(0,0)
and (1,1) rotational lines resulting from the two-photon dissociation of NO, to NO
followed by (2+2) ionization of the NO fragment, whereas those of ambient NO
correspond mostly to NO A2x+ ~ X2[T (0,0) rotational lines resulting from the (2+2)
REMPI of NO. The prominent features of both spectra result from two-photon
selection rules governing the (2+2) REMPI process by means of the resonant A2%+
state. Thus, the visible REMPI spectra exhibit strong main O and S branches
(A) = £2), in addition to the P, Q, and R branches (A] = 0, £1) observed in the UV
(1+1) REMPI spectra. The NO; spectral feature near 449.1 nm, resulting from the
photodissociation of NO; to NO and subsequent ionization of NO X1 (v"=1),
indicates that NO is formed vibrationally excited. This feature is not observed in the
ambient NO spectrum and is thus used for monitoring NO: in the presence of NO.
The intensity of this feature is about twice that of its analogous (0,0) feature near
453.8 nm. A comparison between the (1,1) and (0,0) spectral features in the visible to
those in the UV reveals that the efficiency of NO XTI (v”=1) formation is about a
factor of two greater when NO, is photolyzed with visible wavelengths compared to
UV wavelengths. The rotational lines in the O12 branch, two of which are labeled
b and c in Figure 4 and the one labeled “a” near 450.5 nm, are unusually strong and
result from a double resonance process where both the second and third photon are

- resonant with excited states of NO. The overall process is therefore described as a
(2+1+1) REMPI process [38, 39]. Rotational analysis of the Oz + P12 branch near
453.8 nm yields rotational temperatures of 290 + 10 K for ambient NO and
500 + 100 K fragment NO [26].

3.2 Quantitative Analysis

Figure 5 shows the response curves for NO; at 224.4 and 226.3 nm and for NO at
226.3 nm. Figure 6 shows the response curves for NO; at 449.1 and 450.5, and
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NO at 449.1 and 450.5 nm. In both Figures 5 and 6, the solid straight lines are best
fits to the data, which are represented by symbols. For a fixed optical setup and
laser energy, the responses are directly proportional to the NO and NO;
concentration. The UV and visible responses are linear over three and four decades
of concentrations, respectively, and their slopes are listed in Table 1. The large
response of NO at 226.3 nm compared to 2244 nm is due to the large NO
population of the X2IT v = 0 level compared to at X1 v = 1 level at room
temperature. The NO, PF/PI responses at 226.3 and 224.4 nm are within a factor of
two of each other and indicate that NO is formed vibrationally excited in the
photolysis of NO,. Table 1 also shows that the response of NO at 450.9 nm is about
twice that at 454.4 nm. This is attributed to an enhancement resulting from double
resonance processes. The response of NO at 449.1 nm is the smallest and results
from an unfavorable Boltzmann population of the XTI (v = 1) level at room
temperature. The NO; response at 449.1 nm, which is nearly the same as that at
450.5 nm, is twice that at 454.4 nm, suggesting that the photodissociation of NO;
with visible laser radiation favors the formation of NO X2IT (v = 1) over NO X2[1
(v=20).

Table 1. REMPI and PF/PI responses (mv/ppm) of NO and NO2, respectively.

Compound Wavelength

2244 nm | 226.3 nm | 449.1 nm | 450.5 nm | 454.4 nm
NO 45 779.0 0.273 41.82 22.58
NO2 19.25 46.0 20.01 19.85 10.6

The limits of detection (LOD) of NO and NO; at several UV and visible wavelengths
are listed in Table 2. The LOD is defined by 30/ R, where R is the response and o is
the root mean square (rms) of the noise. The rms of the noise is the measured
standard deviation of 20 independent measurements, each a 100-shot average of the
signal recorded without sample with N flowing through the sample cell and with
the laser operating at the photoionization wavelength. Table 2 reveals that the
LODs of NO and NO:; are respectively 2.5 ppm and 29 ppb at 224.4 nm, and 2 and
32 ppb at 226.3 nm. The 226.3-nm values are similar to those previously determined
in our laboratory [24]. The high sensitivities achieved by PF/PI using ultraviolet
radiation are a reflection of the high efficiencies of both photofragmentation and
ionization processes employed. As expected, NO; has alower sensitivity than NO
at 226.3 nm because of the following reasons: (1) NO, may not be 100% photolyzed
when excited with 226.3-nm radiation; (2) less laser energy is available for NO
fragment ionization because a portion of it is expended for NO; fragmentation; and
(3) the laser radiation is resonant only with a fraction of the NO molecules generated
because the NO fragment is formed in a wide distribution of rovibrational levels; or
a combination of all three is possible. The LODs of NO are 5 and 9 ppb at 450.5 and
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Table 2. Limits of detection (ppb) of NO and NOa2.

Compound Wavelength
2244 nm | 226.3nm | 449.1 nm | 450.5 nm | 454.4 nm
NO 2500 2 769 5 9
NO; 29 32 10.5 10.5 19

454.4 nm, respectively, both larger than the LOD of NO at 226.2 nm (2 ppb). The
lower sensitivity with visible wavelengths is attributed to a lower NO ionization
efficiency when using visible radiation compared to ultraviolet radiation. The
higher sensitivity of NO and NO; at 450.5 nm compared to 454.4 nm is attributed
mainly to a higher ionization efficiency at 450.5 nm because of double resonance
processes occurring during ionization. Table 2 also reveals that the visible NO;
LODs range from 10.5-19 ppb and compare favorably to the UV NO. LODs, which
range from 29-32 ppb. This is in part because of the lower noise levels in the visible
compared to the ultraviolet, even despite the use of much higher energies in the
visible. The reduction in sensitivity that occurs in the visible because of a lower
multiphoton absorption cross sections is thus offset by a corresponding reduction in
background noise. The relative higher background noise in the UV results
predominantly from the higher cross sections for nonresonant multiphoton
ionization, which are more favorable for the two-photon process occurring in the
UV than the four-photon process occurring in the visible. Thus, it is possible to use
higher laser intensities in the visible without generating the same level of
background.

The spectral differentiation between NO and NO; in NO-NO: mixtures can be
determined by comparing the ionization responses of the two species at two
different wavelengths. One wavelength, Ao, must correspond to a rotational line of
the NO A23+ - X1 (0,0) band, whereas the other wavelength, A1, must correspond
to a rotational line of the NO A2x+ - X21 (1,1) band. The formula for the signal ratio
at a mixture M = [NO]/[NO,] is

S(ho) _ Rno(ho) M+ Ryos (Ro) )
S(M)  Rwo(A) M+Ryo2 (M) ’

where Rno(A) and Ryo, () are the NO and NO; ionization responses, respectively,
at the selected wavelengths. The signal ratio is dependent on the mixture
M = [NO]/[NO;], and not on the absolute concentration of NO or NO,. Equation (1)
is verified by observing the total ionization response at the two photoionization
wavelengths selected for many NO-NO; mixtures. In order to verify that equation
(1) is only dependent on M, the mixtures were diluted with N and re-evaluated.

The NO and NO; differentiation experiments are performed by premixing NO and
NO,, typically at 150 ppm, and recording the REMPI signal at the photoionization
wavelengths. The mixture is diluted with Ny, and the observations are repeated.




Figure 7 compares the observed data with that predicted using equation (1) and the
responses at 224.4 and 226.3 nm in Table 1. The curve shown is the predicted
response and not a best fit to the experimental data. The series of symbols at the
same mixture represent different dilutions of the NO-NO; mixture. The data at the
same mixture cluster together, suggesting that the ratio is dependent only on the
mixture and not the absolute concentrations. All the data lie close to the curve,
implying that equation (1) can be used to predict mixtures of NO and NOz. The
valid range of mixtures is determined from the linear dynamic range of the
detection method for both NO and NO». The figure shows good agreement over
two decades of mixtures.

80 -
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Figure 7. Observed (O, ®, V) and predicted ( - ) S226.3 nm/S224.4 nm ratios for various
NO-NO2 mixture concentrations. The absolute NO concentrations vary from 0.06
to 21 ppm, and are slightly different for each mixture. The limiting
concentrations are fixed by the NO2 LOD, which requires a higher absolute NO
concentration at larger [NO-NO2] mixture ratios.

Figure 8 compares the data collected from NO-NO; mixtures with that predicted
using equation (1) with the responses at 450.5 and 449.1 nm from Table 1. The
predicted curve agrees well with the observed data for over three decades of
NO-NO; mixtures. Visible wavelengths are approximately an order of magnitude
more differentiating than UV wavelengths because the NO2/NO response ratio at
449.5 nm is about ten times greater than that at 224.4 nm.
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Figure 8. Observed (m, &, A) and predicted ( - ) 5450.5 nm/S449.1 nm ratios for various
NO-NO2 mixture concentrations. The absolute NO concentrations vary from 0.05
to 45 ppm, and are slightly different for each mixture. The limiting concentrations
are fixed by the NO2 LOD, which requires a higher absolute NO concentration at
larger [NO-NO2] mixture ratios.

4. Conclusion

A method for the detecting and spectrally differentiating between NO and NOz2 in
NO-NO2 mixtures has been demonstrated. The method is based on the REMPI
detection of NO and the laser photofragmentation of NO2 with subsequent REMPI
detection of the NO photofragment using two wavelengths in the visible or UV for
probing the ground and first vibrational state of ambient and fragment NO (XZI).
Spectral differentiation of NOz from ambient NO is possible because the visible and
UV photolysis of NOz results in the formation of NO in both its X2II (v” = 1) and
(v" = 0) states, whereas the Boltzmann population distribution of ambient NO
favors the (v” = 0) state at room temperature. The analytical utility has been
demonstrated for over three decades of NO-NO, mixtures and many concentrations.
Response curves for both NO and NO; have been measured and LODs determined
at several UV and visible wavelengths. The LODs for NO and NO are respectively
2 and 32 ppb at 226.3 nm, and 5 and 10 ppb at 450.5 nm. The lower sensitivity in the

14




visible is attributed to both a lower NO2 photofragmentation efficiency and NO
ionization efficiency in the visible compared to the UV.
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